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a b s t r a c t
This paper presents the results of experimental and numerical analyses of the ﬂexural vibration behaviour of bio-based sandwich structures and their 
composite faces, and particularly their damping properties. The material studied is made up of two skins made of a thermoplastic matrix reinforced by ﬂax 
ﬁbres and a balsa wood core. The faces and the whole sandwich structures were produced by liquid resin infusion. First, experimental tests were 
performed on the skins. Free vibration tests were carried out on unidirectional and cross-ply laminates in a clamped free conﬁguration to investigate the 
inﬂuence of the ﬁbre orientation and stacking sequence on the dynamic stiffness and loss factors. Then, the damping behaviour of the balsa core was 
studied through several free vibration tests. In addition, the damping properties of sandwich beams with different thicknesses were measured and 
discussed. Finally, a ﬁnite elements model was used to calculate the resonance frequencies and modal loss factors of different sandwich beams. Close 
correlation between the numerical and experimental results was observed. Finally, a modal strain energy method was used to evaluate the contribution of 
the skins and of the core to the damping properties of the different sandwich beams.
1. Introduction
In the past decades, bio-based composites have proven to be
very interesting materials to face some current engineering chal-
lenges, such as the achievement of lightweight structures in auto-
motive, aeronautics, marine and other transportation industries.
Among them, natural ﬁbre reinforced polymers (NFRP) exhibit very
interesting speciﬁc properties (stiffness or strength to mass ratios)
[1e4]. For this reason, a signiﬁcant amount of research activities
has been conducted on composites reinforced with agro based ﬁ-
bres. In Europe and particularly in France, ﬂax ﬁbre reinforced
polymers (FFRP) are among the most commonly studied eco-
composites [5,6]. As a matter of fact, they exhibit speciﬁc proper-
ties comparable with those of traditional glass ﬁbre reinforced
polymers (GFRP) [7]. Moreover, the use of such bio-based compo-
nents can reduce the impact of the ﬁnal product on the
environment. In the same way, thermoplastic matrices are also
often used in order to achieve recyclable composite parts [8e11]. In
addition, some 100% bio-based thermoplastic materials associated
with plant ﬁbres can lead to biodegradable composites [12],
opening new perspectives for the end-of-life management of these
materials.
In parallel with the development of eco-friendly composites,
sandwich structures are widely used in weight critical applications
[13,14]. They are made up of two stiff and strong skins associated
with a light core whose thickness increases the quadratic moment
of the sandwich structure. This improves the ﬂexural stiffness and
strength of the beam with only minimal impact on its mass. Thus,
the use of bio-based materials should allow the production of
sandwich structures with high speciﬁc properties as well as
reducing their environmental impact. Nowadays, balsa wood is
among the most commonly found eco-product used as a core
material. Several authors have highlighted interesting properties
for balsa cored sandwiches, sometimes even coupled with bio-
based composite skins. Le Duigou et al. [15,16] have studied a
structure made of PLLA/Flax skins and balsa core. Beside interesting
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speciﬁc properties, the authors also emphasize a lower environ-
mental impact for this eco-material than for traditional glass/
polyester sandwiches. Moreover, some authors have proposed
modiﬁcations of classic balsa panels to improve the core shear
properties [17,18]. In addition, balsa wood has proven to be good at
absorbing impact energy [19]. Kandare et al. also proved that a
sandwich structure made of ﬂax/epoxy skins and a balsa core is ﬁre
retardant [20]. Notwithstanding these numerous analyses, it is
surprising how few references exist concerning the vibration
properties of bio-based sandwich structures with balsa cores and
NFRP skins. However, several authors have already shown that the
use of plant reinforcements improves the damping properties of
composites [21e23]. Thus, natural ﬁbres are sometimes coupled
with carbon or glass ﬁbres to achieve hybrid damping materials
[24]. Sargianis et al. [25] studied several conﬁgurations of sandwich
beams with bio-based cores and skins. These structures exhibited
superior acoustic properties withminimal sacriﬁces in stiffness and
strength to mass ratios. Regarding these conclusions, bio-based
sandwich structures could also bring new perspectives in terms
of damping solutions. Due to their inherent ability to absorb energy,
their use could enrich the common state of the art methods to
damp vibrations, which most commonly consist in adding local
passive or active dampers to the structures, increasing their mass
and cost.
In this context, this work presents the results of an experimental
and numerical analysis of the vibration behaviour of a bio-based
sandwich structure. The material is made of a balsa core and
thermoplastic skins reinforced by ﬂax ﬁbres. The matrix used is an
innovative thermoplastic resin developed for the manufacturing of
composite parts by liquid resin processes such as resin transfer
moulding. The aim of this work is to emphasize the good vibration
damping properties of this kind of sandwich structures. The roles of
the skins and core in the energy dissipation mechanisms are ana-
lysed through experimental investigations and numerical
simulations.
2. Materials and experimental setup
2.1. Materials and manufacturing
The reinforcement used here is a tape of unidirectional contin-
uous ﬂax ﬁbres (FlaxTape) provided by LINEO [26]. The long ﬁbres
are held together without any twisting or transverse ﬁbres by a
process based on the reactivation of external pectin cements on the
surface of ﬁbre bundles. They are associated with an innovative
thermoplastic resin (Elium®) provided by ARKEMA, developed for
the manufacturing of thermoplastic composite parts by liquid resin
processes such as resin transfer moulding (RTM) or liquid resin
infusion (LRI). This acrylic resin is activated by peroxide (2% CH50x).
In addition, the core of the sandwich structure is made of balsa
wood. The balsa panels used, provided by SICOMIN, are cut with a
regular pattern to facilitate the resin infusion. Such panels can also
be used for the manufacturing of curved structures. A density of
150 kg m3 was used, with several thicknesses to achieve different
sandwich beam conﬁgurations. To manufacture the laminates, four
layers of ﬂax tapes with a surface mass of 200 gr m2 are initially
dried in a ventilated oven at 110 C for one hour [27]. Then, they are
laid out on a clean waxed mould in the desired stacking sequence.
An infusion mesh is added on the top of them to increase the
permeability of the medium. In addition, a peel ply is used to
facilitate separating the composite from the infusionmaterials. This
stack of dry plies is then covered by an impermeable ﬂexible ﬁlm,
ﬁxed to the mould by an adhesive sealer. This vacuum bag contains
a resin inlet and an outlet connected to the vacuum pump. Before
infusion, maximumvacuum is maintained for one hour to allow the
degassing of the ﬁbres. Then, vacuum is set to 0.5 bars and the resin
inlet is opened. Thus, the catalysed resin is distributed through the
infusion mesh and impregnates the ﬁbres. At the end of the infu-
sion process, the resin inlet is closed. The ﬁnal part is generally
demoulded after 24 h. Previous mechanical studies [28] have given
the mechanical properties presented in Table 1, obtained for a ﬂax/
elium® UD composite with a ﬁbre volume fraction equal to 35%.
Sandwich panels are produced by the samemethod. To facilitate
the resin circulation, an infusion mesh and a peel ply are added
between the mould and the ﬁbres which constitute the lower skin.
Thus, the catalysed resin entering the inlet separates into two ﬂows
below and above the sandwich structure. The gaps between adja-
cent balsa strips also contribute to the circulation of the resin be-
tween the lower and upper faces.
For this study, several conﬁgurations of laminates were pre-
pared. Unidirectional beams with nominal dimensions
300 mm  20 mm 1.6 mmwere produced with 0 , 45  and 90 
oriented ﬁbres in order to study the inﬂuence of ﬁbre orientation
on the damping properties of thematerial. Theywere labeled UD-0,
UD-45 and UD-90 respectively. Their properties were compared to
those of pure resin specimen with nominal dimensions
200 mm  20 mm  2.5 mm. Moreover, cross-ply laminates with
[0/90]s and [þ45/-45]s layups were prepared to emphasize the in-
ﬂuence of the stacking sequence. In addition, tests were performed
on balsa beams with the following dimensions:
300 mm  40 mm  15.9 mm to ﬁgure out its dynamic behaviour
under longitudinal and shear vibrations. Finally sandwich beams
with a nominal length of 340 mm and a nominal width of 40 mm
made of ﬂax/Elium® composites and balsa wood were produced
with several core thicknesses (6.4 mm, 12.7 mm, 15.9 mm and
19.1 mm). For all of them, the skins were made of 4 ﬂax plies
(1.6 mm thick) with [0/90]s stacking.
2.2. Free vibration experimental setup
To study the vibration behaviour of the composite and sandwich
beams, free vibration tests were carried out with the apparatus
presented in Fig. 1. Beams were tested in a clamped-free conﬁgu-
ration, according the standard ASTM E756 [29]. The clamping
length was set to 40 mm. To avoid damaging the core while
clamping sandwiches, 40 mm of balsa was replaced by metallic
inserts. The beams were excited by an impact hammer
(PCB084A14) close to the clamped end. The displacement of the
free end was measured by a laser vibrometer (OFV 303 Sensor
Head). The excitation and response signals were processed by an
acquisition card system and analysed with the NVGate software.
Tests were performed at room temperature and humidity. For each
beam, the vibration tests were repeated several times and the ﬁve
best signals were averaged to produce the ﬁnal data sets. Moreover,
to take into account the potentially scattered properties of these
natural materials, a minimum of 6 beams for each conﬁguration of
Table 1
Mechanical properties of Flax/Elium UD beams.
E1(GPa) E2(GPa) E45(GPa) G12(GPa) s1(MPa) s2(MPa) s45(MPa) s12(MPa) n12 ()
23,3 3,2 3,65 1,5 230 8 12 14 0,35
laminates were tested. Due to the amount of material and work
required to prepare the sandwich structures, 3 beams at least were
tested in all conﬁgurations. Then, the data was processed with
MATLAB software to generate the beam frequency response func-
tion (FRF). An automatic routine was then applied to each FRF to
detect resonance peaks. For all of them, Bode and Nyquist diagrams
were plotted. A typical example, corresponding to a sandwich beam
with [0/90]s skins and a 15.9 mm thick core is given in Fig. 2 a. In
this case, ﬁve resonancemodes can be distinguished. In the Nyquist
plane which presents the imaginary part with respect to the real
part of the complex signal, the experimental FRF appears circular at
the vicinity of a resonance mode. A circle-ﬁt method was used for
each mode to measure its resonance frequency ur and its modal
loss factor h from the circle parameters described in Fig. 2 b. Thus:
h ¼ u
2
a  u2b
ur

ua tan

qa
2

þ ub tan

qb
2
 (1)
where ua,ub,ur,qa and qb are illustrated in Fig. 2 b [30]. Moreover, for
every ﬂexural mode, the Young modulus E of the laminate was
calculated by Ref. [31]:
E ¼ 12rl
4f 2n
e2C2n
(2)
with r the density of the composite, l the length of the beam, fn
the average resonance frequency of the nth ﬂexural mode, e the
thickness of the beam and Cn a constant depending on the
boundary conditions for the nth ﬂexural mode, with C1 ¼ 0.55959,
C2 ¼ 3.5069, C3 ¼ 9.8194 and Cn ¼ ðp=2Þðn 0:5Þ2 for n>3 [29].
3. Vibration behaviour of the sandwich components
3.1. Composite skins
First, the inﬂuence of the ﬁbre orientation on the vibration
behaviour of the composite was studied. Specimens UD-90, UD-45
and UD-0 were compared to pure resin specimens. The evolution of
their loss factors with frequency is presented in Fig. 3. Composites
UD-90 and UD-45 exhibit a similar behaviour. The loss factor is
initially very high (6%), close to one of pure resin, and drastically
decreases in the frequency range [0 Hz-500 Hz]. Beyond this point
the loss factor still decreases but slowly to a quasi-asymptotic value
of nearly 4%. Indeed, due to the ﬁbre orientations with respect to
the ﬂexural direction, the viscoelastic behaviour of the matrix is
predominant. On the other hand, the UD-0 conﬁguration exhibits a
very short initial decrease of the loss factor, followed by a quasi-
constant phase (around 1.8%) from 500 to 5000 Hz. In this conﬁg-
uration, the reinforcement is 100% in the ﬂexural direction. As a
consequence, the beam ismuch stiffer. This is clearly visible in Fig. 3
b, which presents the evolution of the Young modulus with the
frequency. For every specimen, the stiffness measured at low fre-
quency corresponds to the quasi-static Young Modulus presented
in Table 1. For UD-90, it is close to 3 GPa, which corresponds to the
quasi-static or low frequency Young modulus of pure resin. The
modulus of UD-45 appears to be slightly higher.
Then, two cross-ply laminates were studied and compared to
the UD-0 beams to see the inﬂuence of the stacking sequence. The
evolutions of the loss factors and Young modulus with frequency
are presented in Fig. 4. As for UD-90 and UD-0 conﬁgurations,
[þ45/-45]s specimens exhibit a frequency dependent behaviour
Fig. 1. Experimental setup for free vibration analysis of clamped-free composite and
sandwich beams.
Fig. 2. a) Bode diagram of a typical FRF obtained for a sandwich structure and b)
Nyquist diagram of the second mode.
with an initial decrease of the loss factor (from 5.5% to 3.5% at
3000 Hz) and a slight stiffness increase. Once again, the viscoelastic
behaviour of the matrix is predominant due to the ﬁbre orientation.
On the other hand, the [0/90]s specimens behave like UD-0 beams.
Its loss factor is slightly higher because of a smaller ﬁbre fraction in
the ﬂexural direction Fig. 4 b shows that its static Young modulus is
nearly constant equal to13 GPa.
3.2. Balsa core
To investigate the dynamic behaviour of the balsa core, two
experimental tests were carried out. First, the longitudinal prop-
erties of rigid wood beams (without regular cuttings) with nominal
dimensions 300 mm  40 mm  15.9 mmwere measured with the
test method described previously. The balsa beams were ﬁxed to
40 mm long metallic ﬁxtures to avoid damaging them by clamping.
The results are presented in Fig. 5 a. The loss factor remains nearly
constant, equal to 2%. The Young modulus of the balsa beams ap-
pears to be constant as well, close to its quasi-static value of
80e100 MPa. The scattering of the results can be explained by the
local variations of volume mass in the balsa beams. In fact, balsa
wood panels are an assembly of several rectangular wood pieces
coming from different trees. As a consequence, they exhibit
different densities and different mechanical properties.
Then, a second experimental test was carried out tomeasure the
shear dynamic properties of the beams. Shear is the major sol-
licitation of a sandwich core subjected to ﬂexure. To achieve this,
the Vibration Beam Technique (VBT) was applied [29]. This tech-
nique is often used to measure the damping properties of visco-
elastic materials. It consists inmeasuring the resonance frequencies
and modal loss factors of a sandwich beamwith rigid faces (usually
metallic skins), and with a core made of the damping material to be
studied. The same properties are measured for the faces separately.
Then, the shear modulus Gc and the loss factor hc of the damping
material can be deduced by:
hYc ¼

AhYs
.ðA B 2ÞðA BÞ[2 2AhYs[2 (3)
Gc ¼ P1P2 (4)
with:
Fig. 3. Evolution of dynamic properties with frequency of UD and pure resin speci-
mens: a) loss factor and b) Young modulus. Fig. 4. Evolution of dynamic properties with frequency of cross-play laminates with
different stacking sequences: a) loss factor and b) Young modulus.
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
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(5)
where: D ¼ rcrf , E is the Young modulus of the faces, fn its resonance
frequency for mode n, fs the resonance frequency of the sandwich
beam, hc the thickness of the core, hf the thickness of a skin, l the
length of the beam, hs the loss factor of the sandwich beam, rc and rf
the densities of the core and skins.
Fig. 5 b presents the evolution of the balsa core shear modulus
and loss factor with frequency. It is worth noting that the shear
properties of the core are very frequency dependent. The shear
modulus is initially close to its quasi static value equal to 160 MPa
(according the supplier datasheet) and increases to 250 MPa at
5000 Hz. On the other hand, the loss factor is initially close to 6%
and decreases to 3% at 5000 Hz. However, low frequency values
corresponding to the ﬁrst ﬂexural mode were not considered as
recommended by the VBT test method [29]. In fact, the equations
for calculating the damping properties of the core from sandwich
beam tests were developed and solved using sinusoidal expansion
for the mode shapes of vibration. This approximation is acceptable
only for the higher modes. Thus, the ﬁrst ﬂexural mode is
commonly ignored.
3.3. Vibration behaviour of the sandwich structures
Then, the vibration behaviour of sandwich beams made of a
balsa wood core and ﬂax/Elium® composite as skins were studied.
Four sandwich beam conﬁgurations were tested with four core
thicknesses (6.4 mm, 12.7 mm, 15.9 mm and 19.1 m). The dynamic
loss factors of these beams were measured with the experimental
setup described in 2.2. The results are presented in Fig. 6. For all the
beams, an initial decrease of the loss factor is noticed. Moreover, it
appears clearly that whatever the frequency, an increase of the core
thickness results in an increase of the global damping. This can be
explained by the important shear loss factor contribution of the
core to the damping properties of the whole sandwich structure. It
is worth noticing that the statistical spread of the data increases
with frequency. This remark will be explained later.
3.4. Discussion
Several hypotheses can be proposed to explain the frequency
dependent behaviour and the damping properties of composite
and sandwich beams. First, the Elium® thermoplastic resin is a
polymer whose viscoelastic behaviour contributes widely to the
global response of laminates. It represents 65% of the total volume
fraction. Thus, part of the vibration energy is dissipated through
friction mechanisms between long polymer chains. Moreover, the
reinforcement also contains several viscoelastic components. Flax
ﬁbres are composed of natural polymers, such as cellulose (70%),
hemicellulose (15%), lignin (2.5%) and pectines (1%) [3],with
viscoelastic behaviours. At the composite scale, defects such as
micro porosities and weak ﬁbre/matrix interfaces, detected for this
composite in previous studies [28] may also contribute to energy
dissipation through matrix/matrix and matrix/ﬁbre friction.
Moreover, ﬁbre/ﬁbre friction may also occur inside technical ﬁbres.
As a matter of fact, elementary ﬁbres are sometimes not impreg-
nated by the matrix where their densities are the highest: inside
the bundles. At the sandwich scale, all the previously listed dissi-
pation mechanisms can contribute to the global damping of the
Fig. 5. Dynamic properties of balsa wood: a) longitudinal direction and b) shear
direction.
Fig. 6. Inﬂuence of core thickness on the loss factor of Flax/Elium/Balsa sandwich
beams.
structure, due to the tensile/compressive sollicitation of the skins.
The core also participates, due to the viscoelastic behaviour of its
natural components. Balsa is also made mainly of cellulose, hemi-
cellulose and lignin. Moreover, due to its cellular microstructure
and to the regular cuttings of the panel, a certain amount of resin is
trapped in the core during the resin infusion process. This certainly
contributes to the global loss factor of the sandwich structures.
4. Finite elements modelling
Several numerical methods can be found in the literature to
model or simulate the damping behaviour of sandwich structures.
Ross-Kervin-Ungar model [32] is among the ﬁrst theories devel-
oped for this purpose, particularly for constrained layer damping
systems. Modal Strain Energy methods, introduced by Adams and
Bacon [32e34], has also been widely used [35,36]. Coupled with
ﬁnite element analyses, it makes it possible to calculate the amount
of energy dissipated in the different directions and for the different
plies of laminates or sandwich structures. The complex eigenvalue
method [37,38] is also commonly used. The resolution of complex
eigenvalue problems makes it possible to determine simulta-
neously both resonance frequencies and modal damping co-
efﬁcients. Among recent works, some authors have also proposed
new procedures to model functionally graded Kirchhoff plates with
viscoelastic constitutive behaviours [39e41].
To understand the contribution of the skins and core to the
global response of sandwich beams, theMSEmethodwas chosen. A
ﬁnite element model was created with ABAQUS. To take into ac-
count the anisotropic viscoelastic behaviour of the different ma-
terials, a MATLAB subroutine was written to modify the material
properties with frequency. The method used here consists in: (i)
determining the resonance frequencies of every ﬂexural mode, (ii)
performing an MSE analysis for every mode considered separately
to calculate the elastic and dissipated energies in the skins and in
the core in the different directions and (iii) calculating the global
loss factor of the whole sandwich beam.
4.1. Presentation of the model and resonance frequencies
determination
The sandwich beams were modeled through the thickness with
4-node bilinear plane stress quadrilateral elements, labeled as CPS8
in Abaqus. . The meshed structure with its main geometrical
properties is presented in Fig. 7. The total length (of the unclamped
part of) the beam is 300 mm. The face thickness hf were set to
1.6 mm, and the core thickness hc was changed from 6.4 mm to
19.1 mm to reproduce the different beam conﬁgurations studied
previously. As a consequence, after a mesh convergence study, 150
elements were deﬁned for each skin. Depending on the core
thickness, the number of elements used to mesh the core was set
from 600 (for 6.4 mm cores) to 1650 (for 19.1 mm cores). First, the
followingmaterial properties were deﬁned for the composite faces:
Efx ¼ 14 GPa
Efy ¼ 3:3 GPa
nfxy ¼ 0:35
Gfxy ¼ 1:5 GPa
(6)
They correspond to the quasi-static properties of [0/90]s com-
posites. The transverse modulus of the unidirectional ply (given in
Table 1) was used to deﬁne the transversemodulus of the faces. The
Poisson's ratios of the matrix and the faces were considered equal.
Moreover, the transverse shear modulus was set equal to the shear
modulus of the unidirectional ply. For the balsa core, the following
material properties were used:
Ecx ¼ 80MPa
Ecy ¼ 3 GPa
ncxy ¼ 0:1
Gcxy ¼ 130MPa
(7)
Quasi-static values of Exc and Gyz are given in 3.2. Moreover, Eyc
and nxy were determined according to the literature, [42,43]. The
inﬂuence of all of these parameters (for faces and core) will be
discussed later.
To determine the resonance frequencies of the sandwich
structure, the Lanczos solver [44] was used on ABAQUS to solve the
real eigenvalues problem of the undamped beam expressed by:

Kð0Þ  u20½M

fqg ¼ 0 (8)
where K(0) is the stiffness matrix at 0 Hz deﬁned for the previous
material properties, [M] the mass matrix and q the nodal variables.
However, this method does not take into account the viscoelastic
properties of the materials, leading to underestimated values of the
resonance frequencies. Thus, based on the previous experimental
results presented in 3.1 and 3.2, power-law ﬁttings of Efx and Gcxy
frequency evolutions were calculated:
Esx ¼ 10;4:103f 0:27
Gcxy ¼ 24:18 f 0:27
(9)
In this sandwich beam conﬁguration, the skins are supposed to
support the tensile and compressive axial stresses, and the core is
mainly subjected to shear. As a consequence, all other material
properties were kept constant with frequency and equal to their
quasi-static valuesmentioned previously. The functions given in Eq.
(9) were implemented in a MATALB routine which calculates the
materials properties (and the stiffness matrix K) for the resonance
frequencies calculated previously at 0 Hz. Then, the real eigenvalue
problem was solved with these new material properties. This iter-
ative process was repeated until convergencewas achieved for each
ﬂexural mode considered separately. Fig. 8 illustrates the conver-
gence of this method for a sandwich beam with hc ¼ 15.9 mm. It
appears that for all modes a limited number of iterations are suf-
ﬁcient to converge at a constant value very close to the
Fig. 7. Geometrical parameters of the meshed ﬁnite elements model.
experimental resonance frequencies. The differences between nu-
merical and experimental results increase with the mode number.
They could probably be reduced by the use of more experimental
data to afﬁne the power-law ﬁttings proposed in Eq. (9) over a
wider frequency range.
4.2. Calculation of elastic energies
Once the resonance frequencies were determined, every mode
was considered separately. Stress and strains ﬁelds calculated by
ABAQUS were analysed by an automatic routine which calculates
the elastic energies of the skins and core in the different directions.
For a ﬁnite element e, the total elastic energy of the element is
calculated by:
Ue ¼ Uexx þ Ueyy þ Uexy (10)
with:
Uexx ¼
1
2
∬ esxxεxxdxdy
Ueyy ¼
1
2
∬ esyyεyydxdy
Uexy ¼
1
2
∬ esxyεxydxdy
(11)
Then, the elastic energies of component p (faces f or core c) in
the different directions can be calculated by summing the energies
of the different elements constituting the component in the
different directions by:
Upxx ¼
X
e 2 p
Uexx
Upyy ¼
X
e 2 p
Ueyy
Upxx ¼
X
e 2 p
Uexy
(12)
Finally, Up the total elastic energy of the component p and Us the
total elastic energy of the sandwich structure are given by:
Up ¼ Upxx þ Upyy þ Upxy
Us ¼ Uf þ Uc (13)
For the sandwich beam with core thickness hc ¼ 15.9 mm
discussed previously, the elastic energies of the skins and core in
the different directions are presented in Fig. 9. It appears clearly
that Uxx represents the major part of the skins' elastic energy, and
Uxy the major part of the core's elastic energy. As a matter of fact,
faces are mainly subjected to tension/compression stresses,
whereas the core is subjected to shear. This conﬁrms that the
deﬁnition of frequency independent material properties out of
these directions may not lead to a signiﬁcant error in the ﬁnal re-
sults. This point has been veriﬁed by a preliminary parameters in-
ﬂuence analysis.
4.3. Dissipated energies and global loss factor
Finally, the energy dissipated by the skins and core in the
different directions was calculated based on the previous experi-
mental results and energy calculations. Considering a ﬁnite
element e of a component p, the global quantity of dissipated en-
ergy is given by:
DUep ¼ jpxxUexx þ jpyyUeyy þ jpxyUexy (14)
where jpij ¼ 2ph
p
ij can be deduced from the previous experimental
results. Thus, the quantity of energy dissipated in the faces and in
the core is:
Fig. 8. Convergence of the iterative routine to calculate the resonance frequencies of a
sandwich beam.
Fig. 9. Elastic energy in the different directions for the different components: a)
composite faces and b) balsa core.
DUf ¼
X
e 2f
DUef
DUc ¼
X
e 2 c
DUec
(15)
Finally, the quantity of energy dissipated by thewhole sandwich
beam is given by:
DUs ¼ DUf þ DUc (16)
and the beam global loss factor is.
j ¼ DUs
Us
¼ 2ph (17)
Based on the previous experimental results, power-law ﬁttings
of the evolution of hfxx and hcxy with frequency were determined. For
the faces, the loss factor of the resin was assigned to the transverse
and shear directions. Moreover, hcxx and h
c
yy were set equal to the
low frequency loss factor of balsa beam measured in 3.2. Thus, the
following properties were assigned to the faces and core:
hfxx ¼ 2:2f0:016
hcxy ¼ 0:3403 f0:301
hfyy ¼ hfxy ¼ 0:06
hcxx ¼ hcyy ¼ 0:018
(18)
Preliminary trials conﬁrmed that these parameters, considered
constant with frequency, have a negligible inﬂuence on the ﬁnal
results, due to the very small fraction of elastic energy associated
with these directions.
It was necessary to perform the previous calculations for each
ﬂexural mode. Thus, the evolution of the loss factor with frequency
was determined for the 4 sandwich beam conﬁgurations studied
previously. A comparison between numerical and experimental
results is presented in Fig. 10. Numerical results appear closely
correlated to the experimental measurements. Numerical results
are closely correlated to the experimental measurements. The
biggest difference appears at low frequency for the thickest sand-
wich beam. In point of fact, the Modal Strain Energy method is
notorious for being not very reliable at lower frequencies, over-
estimating in some cases the experimental loss factors. The
experimental setup, leading to imperfect boundary conditions
tends to affect the lower modes. Poor clamping conditions on the
root section of the beam can contribute to the total measured
damping of the test specimen [29]. As a consequence, results ob-
tained from for the ﬁrst ﬂexural modes were ignored as explained
in 3.2. Several modiﬁcations have been proposed to improve the
efﬁciency of this method [45e48]. Moreover, a better correlation
could be achieved by usingmore experimental data to ﬁne-tune the
power-law ﬁttings proposed in Eq. (9) and Eq. (18), particularly for
low frequencies. The glue (ISOBOND, provided by SICOMIN) used to
bond the metallic clamping ﬁxtures to the beams may also inﬂu-
ence the results. Other test methods, such as dynamic mechanical
analysis (DMA) should be performed to determine more precisely
the low frequency shear damping properties of balsa wood.
Then, the fraction of energy dissipated by the skins and the core
was calculated for different frequencies and for every sandwich
conﬁguration. The results are presented in Fig. 11. For all beams, the
skins dissipate the largest fraction of energy for the lowest fre-
quencies. Then the energy dissipated by the skins decreases and
that dissipated by the core increases with frequency. This may
explain the increase of the statistical spread noticed in 3.3. The
balsa core is composed of several wood pieces exhibiting different
densities and mechanical properties. Thus, standard deviation of
the experimental measurements performed on sandwich beams
increases with frequency, because the core becomes more sub-
jected to shear loadings. Moreover, the frequency for which the
quantity of energy dissipated by the skins and the core is equal
decreases with the thickness of the core. Such a parametric analysis
could be used to optimize the dimensioning of the sandwich
Fig. 10. Evolution of sandwich loss factors with frequency, comparison between experimental and numerical results for different core thicknesses: a) 6.4 mm, b) 12.7 mm, c)
15.9 mm and d) 19.1 mm.
structures to optimize their damping to mass ratios for speciﬁc
frequencies.
5. Conclusions and perspectives
In this study, the ﬂexural vibration behaviour of bio-based
sandwich and laminates beams has been discussed.
Several free vibration tests were performed on different con-
ﬁgurations of unidirectional and cross-ply composites to investi-
gate the damping properties of the faces. Then, the dynamic
properties of the balsa core were studied as well. Moreover, the
damping properties of sandwich structures with different core
thicknesses were measured. In addition, a ﬁnite elements model
was used to determine the resonance frequencies and modal loss
factors of the different sandwich beams. The numerical results
appeared to be quiet closely correlated to the experimental prop-
erties. Thus, the model was used to investigate the contribution of
the different components (faces and core) in the global damping
response of the sandwich structures. The following conclusions
seem to hold:
(i) Elium resin exhibits a frequency dependent loss factor
initially close to 6%, which becomes nearly constant equal to
3% for high frequencies. It plays an important role in the
damping properties of laminates, particularly for UD com-
posites with unaligned ﬁbres. In addition, the loss factor
achieved for the stiffest specimens (UD-0) is close to 2%.
Moreover, for all laminates, the damping factor appears to be
the highest for low frequencies. After a rapid initial decrease,
it tends to become constant for higher frequencies.
(ii) The balsa core exhibits viscoelastic shear behaviour with a
high shear loss factor at low frequencies (around 5%). The
global loss factor of sandwich beams increases as core
thickness increases.
(iii) FE analysis conﬁrms that the faces are mainly subjected to
tension/compression stresses and that the core is mainly
subjected to shear. Therefore, Young's modulus and the loss
factor of the skins were considered frequency dependent, as
well as the shear modulus and shear loss factor of the core.
All other material properties (elastic moduli, Poisson's ratios
and loss factors) were considered constant with frequency.
All other loss factors appeared to have negligible effects on
the ﬂexural damping behaviour of sandwich beams.
Regarding the previous results, it appears possible to use this
kind of FE model to perform numerical parameter analyses to
optimize the dimensioning of this eco-composite structure. One
possible application could be optimization of the damping to mass
ratio of the sandwich for a given ﬂexural mode. This would require
additional experimental tests to ﬁgure out the inﬂuence of face
thickness, core density, etc.
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